Unraveling the oxidation state of gold is important to understand the role of gold in direct propene epoxidation on gold-titania catalysts. A Fourier transform infrared study of low-temperature carbon monoxide adsorption was performed over Au/TiO 2 and Au/Ti-SiO 2 under an atmosphere of the reaction mixture of oxygen, hydrogen, and propene. Data reveals that the active gold sites treated by the reaction mixture are fully covered by reaction intermediates and deactivating species. Oxidation at 573 K removes these carbonaceous species on gold. Oxygen adsorption at the reaction temperature leads to positively charged gold, which can be reduced to metallic gold in the presence of hydrogen. Propene acts as an electron donor to the gold atoms resulting in negatively charged gold with the carbonyl band at 2079 cm −1 . The results in this study may provide a general scheme of electron transfer via gold on the gold-titania catalysts for direct propene epoxidation.
Introduction
Gold nanoparticles in the direct propene epoxidation over gold-titania catalysts are considered to have two main functions. The first is the formation of the active oxidizing species, the hydro-peroxy species (HOOH, OOH), which has been spectroscopically confirmed via an inelastic neutron scattering (INS) study. 1 From a combination of in situ UV-vis and XANES study, 2 it was suggested that the hydro-epoxidation of propene over gold-titania catalysts involves the formation of HOOH on gold and a sequential transfer of HOOH to Ti 4+ forming the real active intermediate Ti-OOH. This route resembles the chemistry of propene epoxidation by H 2 O 2 over TS-1 in the HPPO process. 3 The second function of gold in the epoxidation of propene, which is less prominent, is that propene may be activated on gold nanoparticles, 4 or, in another sense, that the adsorption of propene on gold strongly affects the activity of gold in the formation of hydroperoxy species, since the inhibiting effect of the alkene in hydrogen oxidation on gold catalysts is generally observed. 5 The rate-determining step in the hydro-epoxidation of propene on gold-titania catalysts is considered to be the dissociative adsorption of hydrogen. [6] [7] [8] The study by Boronat et al. 9 suggests that the hydrogen dissociation over Au/TiO 2 occurs only on low coordinated and neutral gold atoms at corner or edge sites of gold nanoparticles but not directly bonded to the support. The H 2 -D 2 exchange reaction studied by Fujitani et al. 10 on model Au/TiO 2 (110) catalysts with gold nanoparticles of controlled sizes has shown a constant turnover frequency of HD formation when based on the perimeter length of gold nanoparticles, indicating that hydrogen dissociation on gold-titania catalysts may very likely be an interfacial phenomenon. Green et al. 11 studied low-temperature hydrogen oxidation over Au/TiO 2 by infrared (IR) spectroscopy and density functional theory (DFT) calculations. Their results suggest a pathway of hydrogen dissociation at the perimeter sites at the interface between Au and TiO 2 , in which oxygen molecules adsorb on Ti 5c perimeter sites and hydrogen dissociates into Au-H and Ti-OOH in the first step. Yang et al. 12 performed a DFT study of hydrogen dissociation and diffusion at the perimeter sites of Au/TiO 2 (110) and depicted two ways of hydrogen dissociation. In their study, the heterolytic dissociation of hydrogen with one H atom on gold and another on the bridging oxygen atom in the support is energetically more favourable, while the homolytic hydrogen dissociation mainly occurs after all Au-O-Ti sites are passivated into Au-O(H)-Ti. Using coadsorbed CO in an IR study of hydrogen dissociation over Au/TiO 2 at room temperature, Panayotov et al. 13 revealed that the most active sites for hydrogen dissociation are defect Au 0 sites away from the Au-O-Ti interface. Passivation of Au-O-Ti to Au-O(H)-Ti was also observed. The rate of hydrogen atom spillover to the support was determined to be proportional to P H 2 1/2 . The coadsorption (or competitive adsorption) of CO does not change the chemistry of the hydrogen dissociation and spillover, but it can suppress the initial rate of hydrogen dissociation by a factor of 2.6 as demonstrated by Panayotov et al. 13 In summary, hydrogen dissociation occurs on low-coordinated Au 0 atoms at edges and corners and the role of the support cannot be neglected over gold-titania catalysts. Another interesting phenomenon in the hydro-epoxidation of propene over gold-titania catalysts is that gold can catalyze the propene hydrogenation. [14] [15] [16] [17] Although in our previous study 18 it was demonstrated that the support itself can contribute significantly to the propene hydrogenation and that the presence of a small amount of CO (10 ppm to 1000 ppm) can switch off the propene hydrogenation, we cannot exclude a contribution from gold. Gold-catalyzed alkene hydrogenation has long been known. 19 Specifically, over the gold-titania system, the explanation to this side reaction can be that propene hydrogenation is sensitive to the structures of gold nanoparticles or clusters. 14, 16, 20 It could also be that Au + exists and functions as proposed by Oyama et al. 17 The Au + in their study is in the form of Au(CN) 2 −1 resulting from NaCN leaching of Au/TS-1 and has no activity in propene epoxidation but is active in its hydrogenation. Bond and Thompson 21 suggested that gold atoms with a low coordination number are more prone to be oxidized than those with a high coordination number. The findings by Oyama and coworkers 17 The most informative technique used in gold catalysis to determine the gold oxidation state is using CO as a probe molecule to observe the frequency of ν(CO) bands by the IR spectrum. The sites on gold nanoparticles where CO adsorbs are also those gold atoms with low coordination numbers at the edges and corners, where all the chemistry is supposed to happen. The spectral regions of surface carbonyls on gold with different status are summarized well in reviews by Freund et al. 24 and Mihaylov et al. 25 Though some of the bands overlap with CO interacting with Ti
4+
and hydroxyls, they can be distinguished by progressive adsorption/desorption. The aim of this work is to have a general image of the oxidation state of gold in Au/Ti-SiO 2 and Au/TiO 2 , which are active in direct propene epoxidation. The catalysts were investigated by low-temperature CO adsorption after different pretreatments or in different atmospheres. We also have the two following questions left from previous studies. 5, 18 The first is regarding the reason for the suppressing effect of propene adsorption on water formation over gold. The second is to what extent can we observe the competitive adsorption of CO and H 2 if the inhibiting effect of CO on propene hydrogenation is due to CO occupying gold. Co-adsorption of CO and H 2 /C 3 H 6 was thus investigated and discussed in this study.
Experimental

Catalyst preparation and testing
The catalyst consisting of 1 wt% gold on titania dispersed on silica, which has been fully investigated in our earlier study, 8 was used in this study and denoted as Au/ followed the deposition-precipitation method using ammonia described in our earlier study. 4 Safety concerns and suggestions on the possible formation of explosive fulminating gold when using ammonia have been addressed earlier. 4 Due to the limited amount of gold and ammonia, the risks are very minor in this study. A total of 2 g of the support was dispersed in 100 mL of water. The pH of the slurry was adjusted to 9.5 by dropwise adding ammonia (2.5 wt%), a total of 115 mg of an acidic 30 wt% aqueous ammonia. After the addition of the gold solution, the slurry was stirred for one hour. The slurry was filtered and washed 3 times using 200 mL of water. The catalyst was dried overnight at 80°C and calcined first at 120°C (5°C min −1 heating) for 2 h and afterwards at 400°C (10°C min
heating) for 4 h. Drying and calcination of the support and the catalyst were performed under atmospheric pressure in stationary air. Catalytic tests were performed in a flow setup equipped with a fast Interscience Compact GC system (3 min analysis time) containing a Porabond Q column and a Molsieve 5A column in two separate channels, each with a thermal conductivity detector. 300 mg of catalyst was loaded into the tubular quartz reactor (6 mm inner diameter) and tested with a gas feed rate of 50 mL min −1 in total, consisting of 10 vol% each of hydrogen, oxygen, and propene with helium as the balance. The term 'spent' or 'after reaction' hereinafter means that the catalyst had been tested in the reaction mixture for epoxidation for at least 2 hours. The term 'regenerated' hereinafter means that the catalyst or sample had been calcined in 5 vol% or 10 vol% oxygen diluted in helium at 573 K for at least 30 min. When mentioned in an IR experiment, the regeneration was always conducted in situ in 5 vol% oxygen at 573 K for 30 min.
Characterization techniques
Transmission electron microscope (TEM) images were recorded with a FEI Tecnai G2 Sphera transmission electron microscope at an acceleration voltage of 200 kV. Loadings of gold and titanium were determined by inductively coupled plasma optical emission spectrometry (ICP-OES) using a Spectra Ciros CCD system. In ICP analyses, gold was dissolved with aqua regia and grafted titanium was etched by 5 mol L X-ray photoelectron spectroscopy (XPS) measurements were carried out with a Kratos AXIS Ultra spectrometer, equipped with a monochromatic X-ray source and a delay-line detector (DLD). Spectra were obtained using the aluminum anode (Al Kα = 1486.6 eV) operating at 150W. A detachable U-shape Pyrex tubular reactor (6 mm inner diameter) with valves on both ends was used for post-reaction catalysts. The U-shape reactor can be heated using an aluminum heating jacket up to 300°C. The post-reaction catalysts were then flushed in helium and afterwards sealed in the U-shape reactor. The reactor was transferred into a nitrogen glove box free from oxygen (<2 ppm) and moisture (<0.5 ppm). The postreaction samples for XPS measurements were prepared in the glove box. Transport of the samples from the glove box to the spectrometer was performed in an inert atmosphere by using a small nitrogen-purged chamber equipped with a magnetic arm. In this way, the post-reaction catalysts were kept 'in situ'. XPS spectra were referenced to the C 1s line at 284.9 eV. Infrared spectra were recorded with a Bruker IFS 113v spectrometer at a 2 cm −1 optical resolution and accumulation of 128 scans (ca. 2 min of acquisition time per spectrum). The samples were pressed in self-supporting discs at 0.5 MPa (diameter: 12.7 mm, ca. 7.9 mg cm −2 ). The sample wafer was placed in a homemade double-walled IR cell. 26 The highvacuum (below 10 −5 mbar) transmission IR cell was in-house made and can be cooled by liquid nitrogen and heated by electric wire. The IR cell is connected to a gas dosing system, through which the progressive adsorption of adsorbates can be performed via a 5 μL or 50 μL sample loop on a Valco sixport valve. In a typical CO dosing experiment, the CO pulse was automatically carried out upon the acquisition of each spectrum (128 scans) finished. The stabilization of one spectrum was fast and normally within a few scans. An extra pair of inlet and outlet is located on top of the IR cell, through which in situ calcination or pretreatment under different atmospheres can be performed. The gas for sample pretreatment can be dried by liquid nitrogen trap when necessary. The catalysts were tested in the tube reactor confirming the activity before IR experiments. The catalyst pellets were generally used for 3-4 sequential IR measurements. In situ calcination in 5 vol% oxygen diluted by helium at 573 K for 30 min followed by evacuation at 573 K for 30 min was carried out between each IR experiment.
Results
Catalyst performance and characterization
The 1 wt% Au/TiO 2 and Au/Ti-SiO 2 catalysts were tested for propene epoxidation in hydrogen and oxygen in the tubular reactor. Their catalytic performance was listed in Table 1 . The conversion of propene and the selectivity to PO were in the typical range for these two catalysts at these conditions. 4 The side products were mainly propionaldehyde, acetone, acetaldehyde and carbon dioxide. No propane formation was found. The size distribution of gold nanoparticles was narrow for both catalysts (spent, i.e. after more than 2 hours of propene epoxidation), centered at 4 nm for Au/TiO 2 and 4.5 nm for Au/Ti-SiO 2 . The catalyst stability was investigated for these two catalysts by repeatedly performing catalytic testing followed by 1 hour of regeneration at 573 K in 10 vol% oxygen. The results are shown in Fig. 1 . The time-on-stream performance of both catalysts was highly reproducible. The breakthrough curve at the beginning of the reaction cycles in particular for Au/TiO 2 is due to the adsorption of PO and water on the catalyst surface until the adsorption capacity was reached. 27 Adsorbed bidentate propoxy species and consecutive oxidized species thereof lead to the catalyst deactivation. [27] [28] [29] The reason for these stability tests was to exclude a possible catalyst change in the IR experiments since each pellet was re-used 3-4 times. The effect of high vacuum at 573 K after calcination in oxygen in the IR cell on possible gold sintering was examined by repeatedly treating one Au/TiO 2 sample under such conditions before cooling down to 323 K in vacuum 9 times. The average size of gold particles after such treatment increased slightly, by less than 0.5 nm, but it was still well below 5 nm as shown in Fig. 2 and the size distribution remained narrow. Thus, sintering of gold nanoparticles in IR experiments for each pellet was not supposed to occur or had very limited effect on CO adsorption.
CO adsorption on catalysts after epoxidation and regeneration
Fig . 3 shows the changes in IR spectra during progressive CO adsorption on a clean Au/SiO 2 sample at 90 K. The spectrum of the dehydrated sample before CO dosing is quite simple and similar to what can be observed for SiO 2 . In the OH Catalysis Science & Technology Paper stretching region, the band at 3743 cm −1 is assigned to unassociated Si-OH. The band at 3715 cm −1 is assigned to the terminal silanol in a pair or chain of hydrogen-bonded hydroxyls (hydrogen perturbed OH), while the broad band centered at 3552 cm −1 is assigned to those within the hydrogen-bonded hydroxyl groups (oxygen perturbed OH). 30 The adsorption at 3653 cm −1 is from inaccessible Si-OH. The adsorption at 1980 cm −1 and 1875 cm −1 is attributed to the skeleton vibrations of silica. 31 The 1640 cm −1 band is most likely to be assigned to the bending mode of some remaining adsorbed water. Upon adsorption, the CO molecules interact with terminal OH groups leading to a rise of the perturbed band at ca. 3550 cm −1 , which gradually shifted to lower wavelengths when CO coverage increased. CO also interacted with unassociated OH groups giving the decreased band at ca. 3746 cm
(shifted from 3743 cm −1 before CO was introduced) and lowered transparency at ca. 3610 cm −1 . The isosbestic point located at ca. 3680 cm −1 . Three carbonyl bands were observed after introducing CO. The band at 2158 cm −1 is known for CO interacting with OH groups. The band at 2136 cm −1 can be assigned to physisorbed CO. 32, 33 The 2136 cm −1 band is unlikely to be assigned to P-branch adsorption of gas phase CO. The contribution from gas phase CO at 1 mbar and 90 K was found to be very minor in our study. Besides, the R-branch component at higher frequencies is lacking as seen for Au/SiO 2 . The band at 2099 cm −1 is assigned to Au 0 -CO, which shifted from 2105 cm −1 at low CO coverage. A red shift of ν(CO/Au) with increased coverage of CO was generally observed and can be explained by the balancing between dipole-dipole coupling, which leads to a blue shift, and the chemical shift, which leads to a wave number decrease since the donation from the weakly antibonding 5σ orbital dominates in the Au-CO interaction whereas the backbonding from gold atoms to the 2π* CO orbital is lacking. [34] [35] [36] Progressive adsorption of CO on the spent and regenerated Au/Ti-SiO 2 sample is shown in to 2107 cm −1 on the regenerated sample, on which propoxy species adsorbed at the Au-Ti interface are supposed to be fully removed. After regeneration, the sample showed a much stronger adsorption of CO on gold indicating that during the reaction the gold sites active for epoxidation were fully covered by strongly adsorbed species, though the water formation rate remained high as shown in Fig , 423 K for Au/Ti-SiO 2 , 333 K for Au/TiO 2 . A few hours of continuous testing in the reaction mixture followed by 1 h calcination in 10 vol% oxygen at 573 K constitutes one 'cycle'. The spectra of the spent and regenerated sample before CO dosing are given and compared in Fig. 5 . The difference spectrum given in Fig. 5 confirmed the presence of strongly adsorbed propoxy on the catalyst surface. In Fig. 5A , it is clear that alkoxy adsorbed on the support cannot be fully removed by oxidation at 573 K as indicated by the remaining bands in the CH stretching region after regeneration. The difference spectrum between the spent and regenerated sample given in Fig. 5B The spectrum given in Fig. 6A provides information on species adsorbed on the spent Au/TiO 2 catalyst. Fig. 6B and C show CO adsorption on the spent and regenerated Au/TiO 2 catalyst. The left inset in Fig. 6A compares the IR spectra of the spent Au/TiO 2 sample after evacuation at 573 K (spectrum b) and the same sample after regeneration (spectrum c). In the left inset, the regenerated sample clearly shows OH stretching , ex situ) was evacuated in vacuum at 573 K in the IR cell for 1 h and then cooled down to 90 K. After CO adsorption was performed, the same sample was then calcined in flowing 5 vol% O 2 at 573 K in situ for 0.5 h to clean the carbonaceous surface, evacuated at 573 K for 0.5 h and then cooled down to 90 K. Progressive CO adsorption on (B) the spent (pre-evacuated at 573 K) and (C) the regenerated sample. The left inset in (A) compares the IR spectra of the spent and regenerated sample. The spent catalyst was under the reaction conditions ex situ at 333 K for 1 h after a 5 h catalytic testing and regeneration. The sample was then evacuated at 323 K and 573 K in the IR cell. All spectra were taken at 90 K. The following CO pressures after each dose were used (in mbar): 0.01, 0.03, 0.05, 0.07, 0.09, 0.11, 0.13, 0.16, 0.18, 0.20 for a-j in (B) and 0.01, 0.03, 0.05, 0.06, 0.08, 0.10, 0.13, 0.16, 0.18, 0.21 for a′-j′ in (C). In (A), spectrum a is the difference spectrum between the sample evacuated at 573 K (spectrum b) and the regenerated sample (spectrum c) and spectrum d is the difference spectrum between the sample evacuated at 323 K (not shown) and the regenerated sample (spectrum c). The green spectra 'a−d' in the right inset is the subtraction of 'a' by 'd'. Catalysis Science & Technology Paper bands above 3500 cm −1 . However, there are hardly any OH stretching bands observed on the spent catalyst but when evacuated at 573 K. These OH groups on a clean or regenerated catalyst sample can hardly be completely removed by evacuation at even 673 K. As for the spent catalyst, evacuation at 573 K eliminated all the surface hydroxyl groups indicating that probably some adsorbed monodentate propoxy species reacted with remaining Ti-OH during heating. The right inset in Fig. 6A shows the change of the spent sample in the Ti-O-C/C-C stretching region during heating. After heating the spent sample in vacuum at 573 K, the intensity decrease of two bands at 1135 and 1090 cm −1 was observed. As seen from Fig. 6A (spectrum a) (spectrum c), which were merely spectators on the surface since the catalyst activity was fully restored after regeneration. As shown in Fig. 6 , on the spent Au/TiO 2 catalyst there was limited adsorption of CO on both gold and Ti 4+ The XPS survey spectrum given in Fig. 7 also indicates the carbonaceous surface after the reaction. The O 1s, Ti 2p, and Au 4f XPS peaks of the spent catalyst are weaker than their counterparts after regeneration, while the C 1s peak is much stronger. Since the samples were kept in situ, the surface carbon was most likely not from contamination. Peak fitting of the O 1s XPS spectra shows five components on the catalyst surface, which are located at BE 529.9, 531.2, 532.0, 532.8, and 533.6 eV, respectively. The components at 529.9 and 531.2 eV are assigned to oxygen from Ti-O-Ti and Ti-OH, respectively. 49 Combining the IR data in Fig. 6 and their intensity change after regeneration, the components of the O 1s line at 532.0, 532.8, and 533.6 eV can be assigned to CO 3 2− or OC-O in carboxylates, CO in ketone/aldehyde, and C-O-Ti species, respectively. 50, 51 The Au 4f 7/2 line is located at BE 83.4 eV for both the spent and regenerated catalyst and the spin doublet separation is 3.6 eV for the Au 4f line. The surface gold is simply in its metallic form. 15, 52 The difference in the intensity of the Au 4f lines from the spent and regenerated catalyst is much less profound than the difference observed from CO adsorption by IR. It can be concluded that XPS is not sensitive for detecting the active gold sites in our reaction since this method counts all the gold atoms at the surface rather than those specifically at edges and corners.
CO adsorption on Au/Ti-SiO 2 treated by O 2 and H 2
The effect of O 2 /H 2 pretreatment on the gold oxidation state is shown in Fig. 8 . On the regenerated Au/Ti-SiO 2 sample (Fig. 8A) , two bands can be distinguished: the sharp one at 2108 cm −1 and a shoulder at 2128 cm −1 . They are assigned to CO adsorbed on Au 0 and Au δ+ , respectively. After preoxidation at 423 K (Fig. 8B) , the ν(CO/Au 0 ) band became much weaker while the ν(CO/Au δ+ ) almost remained the same. By further treating the pre-oxidized sample in H 2 (Fig. 8C) , the ν(CO/Au δ+ ) band could not be clearly observed.
The incremental adsorption of CO between the second and first dose (Fig. 8D) indicates that on the reduced Au/Ti-SiO 2 there were mainly Au 0 sites and that the remaining small amount of Au δ+ may come from the interfacial Au-O-Ti. As for the regenerated sample, there may be more Au-O-O-Ti sites at the perimeter as proposed in the literature. 38 On the pre-oxidized sample, it seems that Au 0 atoms were covered by molecular oxygen even after evacuation at 423 K, which is in accordance with the high desorption temperature of O 2 on small gold nanoparticles. 53 However, when Au/TiO 2 was used, the disturbance of ν( 13 CO) on Ti 4+ to ν(CO) on Au δ+ obscured the band assignment and thus is not discussed. On the other hand, treating Au/TiO 2 in the same way as in Fig. 8 but at 323 K (the typical epoxidation temperature for Au/TiO 2 ) it showed no significant change in the adsorption intensity of CO on Au δ+ and Au 0 when comparing to the literature, 23, 38 probably due to the low pre-oxidation temperature and low gold loading. 
CO adsorption on
spectra in the ν(OH) region, (C) difference spectra in the ν(CO) region using the spectrum of dose 0 as the background. The regenerated Au/TiO 2 sample was kept in 50 mbar H 2 (pre-dried with liquid nitrogen trap) at 323 K for 10 min followed by quenching down to 90 K and adjusting the H 2 pressure by evacuation to 4.82 mbar before CO dosing. All spectra were taken at 90 K.
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together with a band for CO 2 at ca. 2350 cm −1 . Surprisingly, the pressure in the IR cell continued to decrease till the 3rd or 4th dose. CO adsorbed on gold from the first 3 doses (via the 5 μL loop) was almost fully and instantly converted to CO 2 . The CO 2 vibration band reached its peak intensity after the 3rd dose and gradually decreased after subsequent CO dosage, very likely due to the replacement of CO on the surface. The change in the OH stretching region after CO dosing was more difficult to explain. The band at 3734 cm −1 remained at its original position, which is generally assigned to impurities such as Si-OH. 28, 48 The weak shoulder at 3715 cm Fig. 9B ), which can be assigned as ν(OH) bound to water. On the other hand, from analysis of the difference spectra in the OH stretching region (not shown), the perturbation of a component at 3658 cm −1 upon CO dosing also contributed to the band increase at 3648 cm −1 but to a much lesser extent. The contribution of pre-adsorbed water to the bands at 3648 cm −1 , either by the reaction with CO or by the dissociation of water on coordination unsaturated Ti 4+ sites, was excluded by the experiment shown in Fig. 10 . In Fig. 10 The same experiments were performed on the bare TiO 2 (P25) sample for reference. The results are shown in Fig. 12 and 13 . The pressure in the IR cell increased monotonously after each CO dose when H 2 was present, as shown in Fig. 12 , which in turn confirmed that CO and H 2 reacted on Au/TiO 2 with lattice oxygen as indicated in Fig. 9 . The results shown in this study are consistent with those that Widmann and Behm 58 revealed. They showed that only for Au on TiO 2
can TiO 2 be reduced by CO. The presence of H 2 simply improved the CO coverage at low CO pressures, featured by the stronger interaction of CO with hydroxy groups (3400-3600 cm −1 , 2159 cm −1 ) and the weak acidic γ-Ti
as shown in Fig. 12B and C. After the experiment in Fig. 12 was done, the cell was fully evacuated and CO adsorption on TiO 2 without H 2 present was performed at the same temperature (Fig. 13) . The only and obvious difference in the ν(CO) region as compared to Fig. 11 is that no CO on gold was observed. The remaining peaks were exactly the same, which also confirms the assignment of the 2127 cm −1 band to 13 CO.
In the OH stretching region no obvious sharp bands at 3648 and ca. 3420 cm −1 were seen.
3.5. C 3 H 6 adsorption on Au/TiO 2 in the presence of CO and temperatures (e.g., at room temperature). 59, 60 In our experiment, this band was observed after a few minutes after the sample contacted with CO. It stabilized without further evolution. As proposed in the literature, this weak band is more likely due to morphology change of gold nanoparticles (lowered coordination number of gold atoms) in CO, but to a small extent in our case. The progressively dosed C 3 H 6 gradually replaced CO on the surface interacting with both Ti 4+ and
Au as indicated by the weakened CO bands in Fig. 14A . It is known that C 3 H 6 forms a stronger π-complex with Ti 4+ than CO, 61 thus almost all CO adsorbed on Ti 4+ was removed. It seems that C 3 H 6 has also a stronger interaction with gold than CO does. When there was 2.5 mbar C 3 H 6 present, the band of CO on gold red-shifted by 30 cm −1 to 2079 cm −1 .
Interaction with C 3 H 6 does not lead to the reconstruction of gold nanoparticles. This was confirmed by low temperature CO adsorption on the Au/TiO 2 sample, which had contacted with 50 mbar C 3 H 6 at 323 K for 30 min followed by evacuation. Thus, the red shift of ν(CO/Au) was more likely an effect of change in the electron density of gold atoms. The band at 2079 cm −1 may be assigned to ν(CO/Au δ− ). 62 The presence of C 3 H 6 on the catalyst surface was confirmed by the IR spectra in the CH stretching and bending Fig. 12 Progressive CO adsorption on TiO 2 (P25) in the presence of H 2 : (A) wide frequency range, the inset shows the pressures in the IR cell after each dose of CO, (B) spectra in the ν(OH) region, (C) difference spectra in the ν(CO) region using the spectrum of dose 0 as the background. The TiO 2 sample was calcined in O 2 at 573 K and treated in 50 mbar H 2 (pre-dried with liquid nitrogen trap) at 323 K for 20 min followed by quenching down to 90 K and adjusting the H 2 pressure by evacuation to 5.12 mbar before CO dosing. All spectra were taken at 90 K. regions as given in Fig. 14B . The details and assignment of bands from C 3 H 6 adsorbed on the Au/TiO 2 sample are given in Fig. 15 and Table 3 . The decrease of the main bands at 3676 and 3648 cm −1 and increase of the broad band centred at 3410 cm −1 is attributed to the formation of hydrogen bonds between the allylic hydrogen of C 3 H 6 and oxygen in Ti-OH. 63 The sharp band of ν(CC) at 1632 cm −1 is slightly lower than the gas-phase C 3 H 6 , indicating a weak π-bonding to Ti 4+ and Au. Three bands above 3000 cm −1 were observed.
The bands at 3081 and 3009 cm −1 can be assigned to ν as (CH 2 ) and ν(CH), respectively. The origin of the 3059 cm −1 band is unclear. This band was not observed for C 3 H 6 adsorbed on TiO 2 (anatase). 63 We tentatively assign this 3059 cm
band as ν as (CH 2 ) of C 3 H 6 adsorbed at the Au-Ti interface or on gold. However, further investigation may be needed. After evacuation, no bands in the CH stretching region and for CC could be observed. The weak bands at 1576 and 1252 cm −1 (Fig. 15) can be assigned to carbonates due to the presence of CO. 42 Since the co-adsorption of CO and C 3 H 6 was performed at a low temperature of 230 K, it is interesting to know how C 3 H 6 would compete with CO at temperatures where the epoxidation occurs. Previously we have demonstrated that CO can switch off propene hydrogenation over the gold-titania catalysts. 18 However, it is not clear if the role of CO is on gold or the support or both. If the effect of CO is on gold, propene should not have much effect on CO oxidation if we assume all the chemistry happens on the low coordinated gold atoms close to the Au-Ti interface. The effect of C 3 H 6 on CO oxidation over Au/TiO 2 is shown in Fig. 16 . It can be seen that CO oxidation was suppressed by C 3 H 6 at either 303 K or 373 K. No significant deactivation was observed in the first 8 hours. However, after flushing in C 3 H 6 (period III) and further flushing in helium till the C 3 H 6 concentration was lower than 10 ppm, the activity in CO oxidation was severely reduced. Co-feeding of C 3 H 6 completely suppressed CO oxidation. At 373 K after C 3 H 6 flushing (11.5-13.5 h), the activity in CO oxidation gradually restored, which is very likely due to desorption of adsorbed propene. However, after period IV when C 3 H 6 was removed from the CO/ceO 2 stream (the last 1 hour), the activity could not be restored. It seems that propene formed a strongly adsorbed species at the Au-Ti interface when CO oxidation was proceeding (O adatoms available) and thus deactivated the catalytic site. Competition for oxygen by C 3 H 6 is unlikely to explain the suppression of CO oxidation, since no reaction was proceeding at 303 K and no oxygenates were found at 373 K during C 3 H 6 co-feeding. A trace amount of water was released at the beginning of C 3 H 6 cofeeding at 373 K, but soon died away. The likelihood of full combustion of C 3 H 6 at 373 K is small. Otherwise, there should be continuous water and CO 2 formation. The deactivated catalyst in CO oxidation with C 3 H 6 co-feeding can be regenerated by treatment in 10 vol% O 2 at 573 K. The Au/TiO 2 catalyst, after being tested at 303 K as shown in Fig. 16a , was then heated to 333 K and tested for the direct propene epoxidation. The epoxidation activity at 333 K is given in Fig. 17 . There was only ca. 30% loss in the maximum PO formation rate. The trajectory of r H 2 O against r PO was still on par with the original performance of the catalyst as indicated by Fig. 17c . It can be concluded that the Catalysis Science & Technology Paper strongly adsorbed species formed from C 3 H 6 during CO oxidation can be removed by hydro-epoxidation.
Discussion
The oxidation state of gold in the direct propene epoxidation can be summarized in the scheme given in Fig. 18 . Our data of propene adsorption on the Au/TiO 2 catalyst suggests that the low-coordinated gold atoms become negatively charged in the presence of propene, which leads to a broad carbonyl band at a low frequency of 2079 cm −1 . The negatively charged gold has been also recently described well by Chakarova et al. on Au/SiO 2 system by CO reduction. 62 Combining with our previous work of propene adsorption on Au/SiO 2 , 5 we would not expect much difference for Au/Ti-SiO 2 in terms of charge transfer over gold in different atmospheres. In our case for Au/TiO 2 , contributions from propene adsorbed on gold and the support near the interface may both count to increase the electron density on gold. But for Au/Ti-SiO 2 , the contribution of charge transfer from the support and the role of the support oxygen may be less pronounced. 67 Propene adsorption on gold in this study was performed at a relatively low temperature (230 K) and in an atmosphere where oxygen was absent. However, under the real reaction conditions, the species adsorbed on gold are much more complicated. Oxygen molecules are activated on gold by charge transfer from reduced gold forming a gold-oxygen complex. 68, 69 When hydrogen is present, OOH is formed.
1
The study by Bravo-Suárez et al. on propane oxidation in hydrogen and oxygen over gold catalysts suggests that even propane can be oxidized by Ti-OOH forming isopropoxy species. 70 The real role of propene modifying the reactivity of gold may be complicated. On one hand, propene can pi-bond to gold and reduce the water formation as shown by Nijhuis et al. in their XANES study. 5 The spectra shown in Fig. 14 provide another evidence of the electron-donating ability from propene to gold, which seems to be even stronger than CO. On the other hand, oxidants adsorbed on gold may also Fig. 17 The activity of Au/TiO 2 in the direct propene epoxidation at 333 K after testing the effect of C 3 H 6 on CO oxidation as shown in Fig. 16a . GHSV 10 000 mL g cat −1 h 
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react with propene forming strongly adsorbed species as proposed by Nijhuis et al. 5 and as suggested by the CO oxidation experiment co-fed with propene in this study. Although propene adsorption on either gold single crystal surfaces or a model Au/TiO 2 catalyst is found to be weak, 71, 72 it may be not the case for a real catalyst. On a model Au/TiO 2 (110) catalyst in the work by Ajo et al., 72 the most stable sites for propene adsorption were those at the edge of gold islands with a TPD peak at ca. 240 K, while for 2D Au islands the temperature was higher till 310 K. For a real Au/TiO 2 catalyst that is active for the direct propene epoxidation, the TPD peak of propene desorption on gold and/or at the perimeter was found to be at 323 K. 14 TPD data over Au/Ti-SiO 2 by Bravo-Suárez et al. suggests that the presence of gold and titania can significantly enhance the adsorption of C 3 H 6 and a desorption temperature higher than 450 K was reported by them. 73 However, it would be more interesting to know if propene and oxygen can cooperatively adsorb on gold, just as CO and oxygen do on gold clusters. 74, 75 In the coadsorption of CO and oxygen on gold clusters, it is proposed that CO acts as the electron donor and oxygen as the acceptor, both not competing for adsorption sites but cooperating. 74, 75 Our finding on the stronger electron-donating ability of propene than CO on gold might provide a starting point to this question. The desorption temperature for O 2 on gold is generally high, as reported in the literature. In the early work by Hayashi et al., 14 the TPD curve of Au/TiO 2 , which had been treated at 573 K in O 2 , showed that O 2 desorbed at above ca. 500 K. The desorption of recombined O adatoms was reported to be at 470 K on Au(100) and above 500 K on Au(111), 71 and even higher for thin gold nanoparticles supported on TiO 2 . 53 The results in Fig. 8 , of Au/Ti-SiO 2 treated by O 2 and H 2 , also indicate that the removal of O 2 needs a relatively high temperature. Evacuation at 573 K seems not enough for us to fully remove oxygen on gold for Au/Ti-SiO 2 . The presence of O 2 on gold, or preferably at the interface, 76 makes the gold atoms electron deficient. The Au δ+ sites can be reduced by hydrogen to Au 0 as shown in Fig. 8 .
The CO adsorption on spent catalysts, as shown in Fig. 4  and 6 , indicates that the gold sites during reaction are fully covered by deactivating species and reaction intermediates. Very limited gold sites were accessible for the probe molecule CO, even if the Au/Ti-SiO 2 catalyst still had half its activity in PO formation after deactivation. CO adsorbed on these remaining gold sites shows the typical band location for Au 0 .
However, these CO vibration bands show a long tailing shape towards lower wavenumbers, indicating a certain degree of reduction of the supports due to the adsorbed organic species and thus less electron transfer from gold to the support. IR using CO as the probe molecule may not be the preferred method to detect gold oxidation state under the real reaction conditions due to the fully covered surface. When using other bulk methods like XANES or XAFS one may also need to pay attention to the small contribution from the low-coordinated gold atoms if the gold particle size is not small enough.
A very interesting phenomenon observed in this study is that the presence of H 2 greatly increased the amount of CO adsorbed on the TiO 2 support at low temperature, as shown in Fig. 9 and 12 . This may provide one explanation for the preferential oxidation (PROX) of CO over Au/TiO 2 with the aid of H 2 . On Au/TiO 2 , the metal-support interface is considered to be the active site for O 2 dissociation. 76, 77 It is also found that the diffusion of CO adsorbed on TiO 2 to the Au-Ti interface contributes more to CO oxidation over Au/ TiO 2 at low temperature. 77 Thus, besides a facile dissociation of O 2 in the presence of H 2 , H 2 may also promote the adsorption of CO on the support and consequently increase the reaction rate.
Conclusions
On both the Au/TiO 2 and Au/Ti-SiO 2 catalysts investigated after use in the direct propene epoxidation, the active gold sites can hardly be detected by CO molecules. The lowcoordinated gold atoms are most likely occupied by propoxy species and carboxylates, which are most abundant on the catalyst surface after the reaction. Those gold atoms that can still be detected by CO show a very weak band at 2095 cm −1 , indicating their metallic state. XPS spectra show that the oxidation state of surface gold atoms is metallic before and after reaction. However, XPS is not a sensitive tool to pinpoint those low-coordinated atoms at the perimeter of gold nanoparticles. Calcination in oxygen at 573 K restores the catalyst activity by removing the deactivating species and carbonaceous spectators. Oxygen can strongly adsorb on gold or at the perimeter of gold nanoparticles over the Au/Ti-SiO 2 catalyst at the reaction temperature for propene epoxidation (e.g. 423 K), leading to positively charged gold atoms as evidenced by the carbonyl band on gold at ca. 2125 cm −1 . Reduction in hydrogen at the reaction temperature removes adsorbed oxygen on the catalyst and restores the low-coordinated gold atoms to electron-neutral state, which give carbonyl bands at 2100-2110 cm −1 . Over the Au/TiO 2 catalyst, it has been observed that the presence of hydrogen at low temperatures can significantly enhance CO adsorption on the support, which may help explain the role of hydrogen in the preferential oxidation of CO. 
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The low-coordinated gold atoms become negatively charged in the presence of propene. Propene shows a stronger chemisorption than CO on both gold and Ti 4+ . Progressive propene adsorption leads to the weakening and broadening of the CO band on gold with a red shift of ca. 30 cm −1 towards 2079 cm −1 . This implies a strong interaction between propene and gold through electron donation, which may explain the suppressed water formation over the gold catalysts when propene is present.
